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INTRODUCTION 75 76
Knee osteoarthritis (OA) is a common cause of pain and limitations in physical function 77 globally and represents a significant burden on healthcare costs 1 . The development of knee 78 OA progresses slowly over years 2 . In the early phase of OA development changes are seen in 79 the biochemical composition of the cellular matrix of the cartilage. These include a decrease 80 in glycosaminoglycan (GAG) content, responsible for hydrophilic properties of collagen 81 matrix, and loss of integrity of the collagen matrix, responsible restraining hydrostatic 82 pressure and maintaining cartilage stiffness 3 . As this degeneration progresses the 83 biomechanical properties of the cartilage are altered, reducing its ability to resist and 84 distribute tensile, shear and compressive forces, causing further degradation and joint failure 4 .
86
There is no known cure or treatment that prevents or reverses the biochemical changes in the 87 cartilage, therefore, the current management of OA focuses on reducing the symptoms and 88 decreased function associated with the disease 1 . Exercise, irrespective of modality (land or 89 water) or type (strength or aerobic), has been shown to be effective in achieving these aims 5, 6 . 90
Moreover, an active life style with participation in exercise has been shown to be beneficial 91 for maintenance of the biochemical properties of cartilage in both animals 7, 8 and humans 9, 10 . 92
Further, exercise has been shown to reverse cartilage atrophy seen in disuse and 93 immobilisation studies 11, 12 and slow down progression of OA in animals 13 . Therefore, 94 exercise could be an effective intervention for the maintenance of cartilage health. However, 95 studies investigating the effect of exercise interventions on healthy and degenerated human 96 cartilage are sparse [14] [15] [16] [17] . Only two previous studies have investigated the effects of land based 97 exercise on the biochemical composition of cartilage in postmenopausal women with mild 98 knee OA, i.e. Kellgren-Lawrence grades I/II and knee pain 15, 16 . We found an improvement in 99 M A N U S C R I P T
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4 the collagen matrix in the patella cartilage of women with mild knee OA following a one-100 year, three time a week, high-impact exercise intervention 15 while we did not see any 101
worsening or improvement in the collagen matrix or GAG concentration of the tibiofemoral 102 cartilage in the same study 16 . Therefore, there is sufficient evidence to show cartilage health 103 is maintained by appropriate mechanical stimulus and environment 9, 18 . 104
105
Pain is a major modulator for activity avoidance in people with knee OA 19 . Water is a 106 facilitating environment in which persons with lower limb OA can safely and comfortably 107 exercise at high intensities utilising full joint range of motions 20 . Our recent systematic 108 review showed that aquatic exercise has a similar effect on pain and self-reported functioning 109 compared to land-based training 6 . Moreover, in our previous studies Pöyhönen et al. 21 and 110
Valtonen et al. 22 both showed significant benefits of a progressive aquatic resistance training 111 program for physical functioning in healthy women and following knee arthroplasty, 112 respectively. Regular cyclic movements performed during aquatic exercise may provide 113 sufficient mechanical stimulus and facilitate improved exchange of nutrients thus increasing 114 chondrocyte activity 4, 18 . Therefore, the aim of this study was to investigate if progressive, 115 intensive and high volume aquatic resistance training affects the biochemical composition of 116 tibiofemoral cartilage in postmenopausal women with mild knee osteoarthritis.
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MATERIALS AND METHODS 118 119
Study design 120 121
This study was a 4-month registered randomised controlled trial (ISRCTN65346593) with 122 two experimental arms: 1) aquatic resistance training and 2) control. Recruitment and data 123 collection took place between January 2012 and May 2013 and followed the published 124 protocol without changes 23 . Included participants were women aged 60-68 years with mild 125 knee OA. In this study we classify mild knee OA as radiographic changes in tibiofemoral women from the Jyväskylä region in Central Finland were voluntarily recruited through 136 advertisements in local newspapers. Preliminary eligibility was assessed using a structured 137 telephone interview (n=323), followed by evaluation of osteoarthritis severity in the 138 tibiofemoral joint with radiographs (n=180) and finally through medical screening (n=111). 139
Inclusion criteria were: postmenopausal woman aged 60-68 years, experiencing knee pain on 140 most days, participates in intensive exercise ≤ twice a week, radiographic changes in
tibiofemoral joint K/L I or II, no previous cancer or chemotherapy, no medical 142 contraindications or other limitations to full participation in an intensive aquatic training 143 program and complete T2 data. Exclusion criteria included a T-score <-2.5 (indicating 144 osteoporosis) 25 measured from the femoral neck using dual-energy X-ray absorptiometry 145 (DXA), resting knee pain visual analogue scale (VAS) >50/100, surgery of the knee due to 146 trauma or knee instability, meniscectomy within the last 12 months, inflammatory joint 147 disease, intra-articular steroid injections in the knee during the previous 12 months, 148
contraindications to MRI and allergies to contrast agents or renal insufficiency. Due to 149 confounding factors related to obesity, a body mass index (BMI) of >34 kg/m 2 was an 150 exclusion criterion. At baseline, a researcher-designed questionnaire was used to record physical activity levels, 167 general health, medical conditions, current medications, menopausal status and hormone 168 therapy. Leisure time physical activity levels, i.e. activity type (e.g. walking or golf), 169 duration and intensity, prior to the study inclusion were converted into metabolic equivalent 170 task (MET)-hours per week 26 . 171
172
Primary outcome measures 173 174
Primary outcomes for this study were T2 relaxation time (T2) mapping (milliseconds, ms) 175 and delayed gadolinium-enhanced magnetic resonance imaging of cartilage (dGEMRIC 176 index, ms). Images were taken using a Siemens Magnetom Symphony Quantum 1.5-T 177 scanner (Siemens AG, Medical Solutions, Erlangen, Germany). Single sagittal slice images 178 from the centre of the medial and lateral femoral condyles were taken from the knee with the 179 highest K/L grade (affected knee). In cases of identical grading bilaterally, the right knee was 180 imaged. Images were manually segmented using an in-house MATLAB application with 181 built-in motion correction for dGEMRIC (Mathworks, Inc. Natick, MA, USA). In this study 182 we divided the femoral cartilage into three ROIs; anterior, central and posterior (Figure 2) . 183 dGEMRIC indices were corrected for BMI 27 . Precision, scan-rescan, (CV RMS ) of dGEMRIC 184 in asymptomatic subjects is 7% for full-thickness ROIs and 5% for bulk cartilage 28 . In our 185 laboratory, the inter-observer error (CV RMS ) for T2 full-thickness ROIs was 1.3% to 3.3% 186 and 2.8% to 4.0% for dGEMRIC index. The full MRI protocol and example images are 187 provided in the online supplemental material. 
Control group 238 239
The control group maintained usual care and were asked to continue their usual leisure time 240 activities. They were offered the possibility of participating in two sessions consisting of 1 241 hour of light stretching and relaxation during the 4-month intervention period. 242
243
Statistical analyses 244 245
The main outcome variables were analysed according to the intention-to-treat analysis 246
principle. Changes in all outcomes were analysed using the bootstrap type analysis of 247 covariance (ANCOVA); confidence interval were obtained by bias-corrected bootstrapping 248 (5000 replications) due to violation of distributions assumptions. T2 was adjusted for baseline 249 value, height and weight and dGEMRIC index was adjusted for baseline value only. 
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
12
RESULTS
266
In total 87 participants met the inclusion criteria and were randomised into the aquatic 267 training group (n=43) and control group (n=44) (Figure 1) . The demographic and clinical 268 characteristics of both groups were similar at baseline (Table 1) . 269 270 Table 1 
Primary outcomes 291 292
To ensure accuracy, each MRI image was inspected for quality. One participant was excluded 293 from the study due to corrupted data as a result of excessive movement artefact in T2 images 294 (Figure 1 ). One complete baseline dGEMRIC index data set was missing due to lost images 295 (at time of imaging). Additionally, from the dGEMRIC index 11 medial compartments had 296 movement artefact, while in the lateral compartment, 14 had artery-flow pulsating artefact, 297 one had movement artefact and one inaccurate location of the slice compared to baseline 298 image. In total 72 and 68 complete dGEMRIC data sets for medial and lateral femoral 299 condyles respectively were available for quantitative analysis. 
Secondary outcomes 316 317
Cardiorespiratory fitness VO 2 peak increased 9.8% in the training group and 4.4% in the 318 control group (d=0.58, p=0.010). There were no between group differences in the knee 319 extension or flexion muscle force or in any domains of KOOS (Table 3) . 320 321 Table 3 . In more detailed analysis we found that 367 decrease in T2 occurred in deep posterior region of medial femoral cartilage which is in line 368 with our previous study 15 . This study 15 showed a similar response in T2 in patella cartilage in 369 women with mild knee OA following a one year intervention. While the intervention was 370 different, the mechanical forces in the patella cartilage during the progressive impact 371 exercises were shear with moderate compression in the patellofemoral joint i.e. forces were 372 not directly compressive as in the tibiofemoral joint 16 . Therefore, our findings support the 373 notion that the collagen-interstitial water environment in the tibiofemoral cartilage may 374 respond to exercise. 375
376
We found a corresponding significant decrease in dGEMRIC index in the posterior region of 377 medial femoral cartilage and again more specifically in its deep region. A lower dGEMRIC 378 index is associated with a lower GAG concentration, thus, a decrease in dGEMRIC index 379 may indicate degeneration of cartilage 42, 43 . Our results suggest that the aquatic resistance 380 training may have produced a decrease in GAG concentration within the cartilage matrix or 381 faster contrast agent diffusion in to the cartilage through increased permeability of the 382 cartilage surface 44 . These are characteristics of OA progression 4 . These results conflict with 383 M A N U S C R I P T
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the findings of Roos and Dahlberg
14 who found an increase in the dGEMRIC index following 384 a 4-month neuromuscular training intervention. However, they measured only one ROI from 385 the medial femoral cartilage and dGEMRIC values were not corrected for BMI, also their 386 population was younger people at high risk of developing knee OA following surgery for 387 meniscal injury. Alternatively, in a previous cross sectional study 45 , similar associations i.e. 388 lower T2 and dGEMRIC index was seen in the central ROI of the patella cartilage in young 389 people with repetitive patella dislocation 45 . This finding was speculated to be due to a 390 reparative process within the cartilage. Additionally, faster diffusion of the contrast agent into 391 the medial tibiofemoral cartilage after intravenous injection may have been a combined result 392 of improved contrast agent delivery through vascular changes i.e. increased blood flow in the 393 subchondral bone and synovium with possible improvements in lower limb biomechanics. 394
Further, an improved diffusion of the contrast agent could be explained by a decrease in 395 cartilage thickness i.e. reversal of the cartilage swelling characterised in early OA 4, 46 .
396
Cartilage thickness was not measured in our study leaving this issue to speculation and open 397 for further investigation in the future. Therefore, we could hypothesise that while our results 398 indicate the integrity of the collagen-interstitial water environment may be responsive to 399 shear/compressive forces during aquatic exercise, further research is required to understand 400 the exact nature of acute responses in dGEMRIC index to this type of loading. 401
402
In line with the findings of our recent systematic review 6 , we did not see a significant change 403 in muscle force. However, we used isometric muscle testing whereas, the muscle contraction 404 during isokinetic strength testing mimics closer the true muscle work performed during 405 The strengths of this study include the high adherence to a highly intensive aquatic training 421
program. This study fulfilled all the important quality criteria of an RCT, except for blinding 422 the participants to exercise therapy, which is common in exercise therapy studies 48 . Strict 423 imaging procedure and segmentation rules ensured good stability and repeatability of the T2 424 and dGEMRIC indices. This limits, but does not rule out, the possibility that the results of 425 this study are affected by the magic angle (particularly T2) and partial volume effects. The 426 long imaging time in dGEMRIC mapping might result in motion artefact which was 427 controlled for in our study by using a motion correction technique built into the in-house 428 software, as well as strict inclusion/exclusion criteria for image quality. Minor limitations 429 include: MRI imaging performed with a 1.5 tesla scanner, whereas a 3.0 tesla scanner would 430 have produced better spatial resolution and higher signal-to-noise ratio. The mean changes 431 seen in T2 and dGEMRIC index fall within the upper limits of our measurement error for 432 both techniques therefore we cannot exclude measurement error as a possible explanation forM A N U S C R I P T
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19 our findings. Further, this study had multiple endpoints and therefore results have to be 434 viewed with caution. In some cases, occasionally thinned and deteriorated cartilage and 435 movement or pulsating artery artefact prevented reliable segmentation of cartilage resulting 436 in lost data. Also, we used single-slice segmenting method assessing articular cartilage, 437 whereas multi-slice method might have produced more a comprehensive view of the knee 438
cartilage. The MRI analysis application divided cartilage to deep and superficial 439 compartments (50%/50%) and due to the 1.5T scanner used, segmented cartilage thickness 440 was from two to five voxels reducing the spatial accuracy and therefore care should be taken 441 when interpreting these results. Pre-contrast T1 imaging was not used in this study however 442 its importance has been questioned and it is felt this omission does not affect our 443 Tables  660  661  Table 1 
670
In T2 low values correspond to improved integrity and orientation of the collagen fibres and a decrease in hydration of articular cartilage.
671
In dGEMRIC, high values correspond to high glycosaminoglycan concentration. and dGEMRIC cartilage ROIs from medial and lateral condyles. T2 = transverse relaxation 688 time; dGEMRIC = delayed gadolinium-enhanced magnetic resonance imaging of cartilage; 689 sPF = superficial posterior femur; dPF = deep posterior femur. 690
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